Solid waste red mud was modified by HCl leaching. The structure property and composition of modified red mud were investigated by X-ray diffraction (XRD), X-ray fluorescence spectroscopy (XRF), scanning electron microscopy (SEM), and Brunauer-EmmettTeller (BET). Under UV irradiation, methyl orange (MO) aqueous solution was photodegraded by modified red mud. The obtained results showed that the specific surface area of modified red mud was 317.14 m 2 /g, which was about 40 times higher than that of the normal red mud. After UV irradiation for 50 min, the removal percentage of MO reached 94.2%. The study provided a novel way for the application of red mud to the photocatalytic degradation of organic wastes.
Introduction
Red mud is a kind of solid waste produced in the smelting process of aluminium. On account of more chemical alkali, metal oxide and radioactive substance present in red mud, the harmless utilization of red mud is difficult [1] . Over the years, many researchers all over the world pay an increasing attention to the utilization of red mud but got a little [2, 3] . Thus, it is desirable to search for a novel method to better realize the utilization of red mud.
Red mud contains many metal oxides, such as Al 2 O 3 , Fe 2 O 3 , SiO 2 , CaO, and TiO 2 [4] . Among them, TiO 2 with excellent photocatalytic properties provides the possibility for the efficient utilization of red mud in photocatalytic field. TiO 2 as semiconductor photocatalyst has been widely applied in many fields due to its nontoxicity, high photocatalytic activity, and stability [5] [6] [7] . Photocatalytic property of TiO 2 can be attributed to the holes produced in the valance band under light irradiation, the valence band (h vb + ) potential is positive enough to generate the hydroxyl radicals, and the resulting hydroxyl radicals are a very strong oxidizing agent which can oxidize the organic pollutants into H 2 O, CO 2 , and other small molecules [8, 9] . In addition, the other metal oxides (e.g., Al 2 O 3 , Fe 2 O 3 , and SiO 2 ) in red mud are good for the enhancement of photocatalytic activity of TiO 2 . Al 2 O 3 and SiO 2 can enhance the adsorption of substances onto the photocatalyst and prevent the recombination of photogenerated electron-hole, causing a high photocatalytic efficiency [10, 11] . Fe 2 O 3 can cause a decrease in the band-gap energy of TiO 2 , which is favorable for its photocatalysis [12] . To the best of our knowledge, the photocatalytic application of red mud or modified red mud is still rarely reported.
In this work, the modified red mud was prepared by a simple HCl leaching process. The resultant modified red mud was used for the photocatalytic degradation of MO which was selected as a model of organic pollutants. The composition, morphology, and structure of the modified red mud were characterized by XRD, XRF, SEM, and BET. The photocatalytic performance of the modified red mud under UV irradiation was also examined in detail.
Experimental

Preparation of Modified Red Mud.
Red mud produced by Bayer process [13] was dried at 110 ∘ C for 2 h and then crushed into 2 mm. Subsequently, 30 g of red mud was mixed with 90 g HCl (5 mol/L) in the beaker under vigorous stirring, and the obtained uniform mixture was placed in the water bath (60 ∘ C). After incubation for 1 h, the mixture was separated by suction filtration and then washed with deionized water until 2 Advances in Materials Science and Engineering the neutral mixture was obtained. Finally, the mixture was dried at 110 ∘ C for 1 h, and the modified red mud was prepared.
2.2.
Characterization. XRD was performed on a Rigaku X-ray diffractometer with Cu-Ka radiation (Bruker D8 ADVANCE diffractometer, = 1.5406À). The chemical composition was analyzed by sequential wavelength dispersive XRF (Panalytical Axios) at an accelerating voltage of 4 kv. The morphology was examined on SEM (JSM 6700F) at an accelerating voltage of 10 kv. The specific surface area and pore diameter distribution curves were obtained from the Autosorb-IQ-MP automatic gas analyzer at 77 k. The concentration of MO was determined by an UV/vis spectrophotometer (UV-1601, Shimadzu, Japan).
Photocatalytic Experiment.
The photocatalytic experiments were carried out in a water-jacket reactor at a constant temperature of 10 ∘ C and initiated by irradiating with a 175 W high-pressure mercury lamp ( = 315-350 nm), and the distance between the water-jacket reactor and lamp was kept at 15 cm. In every experiment, 70 mg of test sample and 100 mL of 5 × 10 −5 mol/L MO aqueous solution were introduced in the reactor with magnetic stirring. 5 mL of the irradiated solution was extracted from the reactor at certain intervals. After centrifugal separation, the concentration of MO was analyzed by a UV-vis spectrophotometer at max = 464 nm. The removal percentage of MO was calculated by the equation:
where 0 represents the initial concentration of the MO solution and is the concentration at time . The increase of TiO 2 amount in modified red mud will be favorable for its photocatalytic application. The composition and crystal structure of modified red mud were identified by XRD. As seen in Figure 1 , the diffraction peaks at 2 = 25.4 ∘ , 37.8 ∘ , 55 ∘ , and 62.6 ∘ can be perfectly indexed to those XRD patterns of anatase TiO 2 nanoparticles [15] . XRD analysis strongly confirmed that TiO 2 existing in modified red mud belonged to anatase. The morphology of red mud and modified red mud was characterized by SEM. As shown in Figure 2 , the red mud was composed of coarse, angular, and irregular particles, and the large fracture and divaricate structure were present on its surface. Compared with red mud, the size of fracture in modified red mud was decreased, and many nearly spherical particles appeared on the surface of modified red mud. Such phenomena may be attributed to the HCl leaching, causing the dissolution of metal oxide on the surface of red mud.
Results and Discussion
Specific surface areas of red mud and modified red mud were characterized by BET. Figure 3 shows the isotherm liner plot of red mud and modified red mud. As seen in curve B, the adsorption and desorption curves did not coincide when the relative pressure was less than 0.7, which meant that no micropores and mesopores existed in the red mud. In addition, a hysteresis loop was observed when the relative pressure was between 0.8 and 1.0, which meant that many macropores were present in red mud. As seen in curve A, when the relative pressure was less than 0.2, the adsorption capacity was increased dramatically, which meant that the micropores existed in the modified red mud. When the relative pressure was between 0.4 and 1.0, a large hysteresis loop was observed, indicating more mesopores and macropores in modified red mud compared to red mud. The pore diameter distributions of red mud and modified red mud were shown in Figure 4 . The red mud was constituted of mesopores in the range of 2-25 nm, whereas the modified red mud was constituted of micropores (1.2-2 nm) and mesopores (2-25 nm). Pore structure parameters of red mud and modified red mud were shown in Table 2 , and the specific surface area of modified red Advances in Materials Science and Engineering 3 mud was 317.14 m 2 /g, which was about 40 times higher than that of red mud. Moreover, no micropores existed in red mud, which was consistent with isotherm linear and pore diameter distribution analysis. Generally, the abundant pore structure was present in the modified red mud, which was beneficial for the enhancement of photocatalytic efficiency. indicated that the optimal amount of HCl solution was 90 g, which was used for the preparation of modified red mud.
Photocatalytic Activity
The photocatalytic activity of modified red mud was evaluated by monitoring the degradation rate of MO in aqueous solution, which was also compared with red mud. As shown in Figure 6 , the degradation rate of MO was low in the dark and reached 10.2% after 50 min, the low degradation rate can be mainly ascribed to the adsorption of MO on modified red mud, and the adsorption of MO occurs hardly in the absence of light. Under UV irradiation, the degradation rate of MO was low on red mud, while a significant enhancement value in the degradation rate in the presence of visible light [16] [17] [18] . Photocatalytic degradation of MO depended on the amount of the modified red mud. Figure 7 shows the removal percentage of MO when the concentration of modified red mud was varied from 0.2 to 1.0 g/L. The removal percentage of MO increased with an increase in modified red mud concentration up to 0.7 g/L, and after that a further increase in modified red mud led to a slight decrease in the removal percentage of MO. Such results could be understood from two aspects. On one hand, the increase of modified red mud concentration will increase the number of photoactive sites and also the number of the MO molecules absorbed. And a further increase of the catalyst concentration beyond 0.7 g/L may cause light scattering and screening effects, which will hinder the penetration of light and reduce the specific activity of the catalyst. On the other hand, at high catalyst concentration, it is difficult to maintain the homogeneous suspension due to particle agglomeration, which may also reduce the catalytic activity. Thus, the removal percentage of MO was decreased gradually. In this work, the optimum concentration of modified red mud is 0.7 g/L for the photodegradation of MO.
The reusability of the photocatalyst is of great importance in the photodegradation of organic contaminants. To evaluate the reusability of modified red mud, the photodegradation experiment of MO was conducted repeatedly for ten times under the same experimental condition and the obtained results were tabulated in Figure 8 . The removal percentage of MO kept 97.2% of its initial value after 10 cycles, indicating that the modified red mud can be reusable with meager loss in activity during the photocatalytic oxidation of MO molecules. The long-term storage stability was also investigated and the results were shown in Figure 9 . After storage for 50 days, the removal percentage of MO decreased only 6.3% compared to the initial value. The results indicate the satisfactory 
Conclusions
The modified red mud with large specific surface area and rich pore structure was prepared by HCl leaching of red mud. The photocatalytic performance of the modified red mud was evaluated and the obtained results indicated that the modified red mud possessed high photodegradation activity, stability, and reusability for the degradation of MO under UV irradiation. The photocatalyst had a potential application to purify polluted water, and it also provided a new way for utilization of red mud.
